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Laser cooling is fundamental to quantum computing and metrology using atomic systems. Precise
control often requires cooling atoms’ motional degrees of freedom to the quantum ground state, imposing
operation time and architectural limitations particularly in large-scale systems. Here we demonstrate how
the integrated optical control of interest for scaling trapped-ion systems additionally enables laser cooling
that bypasses limitations of conventional schemes. Leveraging multi-channel integrated delivery of
ultraviolet to infrared wavelengths for calcium ion control including in passively phase-stable ultraviolet
standing waves (SWs), we experimentally verify a long-standing prediction by Cirac et al., realizing
Doppler cooling to below the conventional Doppler limit at a SW node. We also present the first
realization of ground-state cooling via electromagnetically induced transparency (EIT) using a “probe”
beam delivered as a SW with atoms positioned at a node, predicted to enable multi-mode sub-recoil-limit
laser cooling. We demonstrate cooling of motional modes spanning an approximately 5 MHz bandwidth
from the Doppler temperature to near the ground state within 150 μs, reaching n̄ ≈ 0.05 phonon number
occupancies for the target mode. Direct evaluation against the comparable running-wave (RW) scheme
shows the SW implementation’s simultaneous advantage in cooling rate, motional mode bandwidth, and
final phonon number, as previously theoretically predicted. Our work leverages capabilities enabled by
integrated optical delivery to demonstrate fast cooling of multiple modes to the quantum ground state, and
more broadly how scalable approaches to optical control can enable enhancements in fundamental atomic
functionalities.
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I. INTRODUCTION

Trapped-ion quantum computing (QC) [1] and metrol-
ogy rely on laser cooling for precise coherent control.
State-of-the-art QC systems based for example on quan-
tum charge-coupled device schemes [2–4] employ
repeated ground-state laser cooling to mitigate unintended
excitation following transport and ion crystal reconfigura-
tion operations [5–7] and to mitigate inevitable heating
during operation [8]. In many QC architectures, total
runtime can be dominated by transport and repeated
ground-state cooling [4,9], often implemented via resolved
sideband cooling of individual modes [10]. Cooling times

required can be severe given that high-fidelity laser-based
quantum logic often requires low phonon number occupan-
cies for multiple motional modes spread over multiple MHz
bandwidths [11]. Polarization-gradient [12,13] and electro-
magnetically induced transparency (EIT) cooling [14,15]
offer routes to sub-Doppler cooling for multiple modes
simultaneously, but are often limited to higher phonon
numbers than those achievable with sideband cooling.
Optical delivery leveraging waveguide photonics inte-

grated in ion traps [16–19] stands to address challenges
related to scaling and parallelizing trapped-ion optical
control [20–22]. Beyond scaling, integrated addressing
brings passive phase and amplitude stability which enables
practical delivery of spatially structured driving fields, and
thereby tailoring of laser-ion interactions in ways that can
alleviate limitations on basic physical operations. This has
been proposed and explored for example via delivery of
phase-stable standing waves (SWs) [23–26] and polariza-
tion gradients [27,28].
Previous work has examined laser cooling in SWs

theoretically, both forDoppler cooling [29] and for schemes
capable of reaching the quantum ground state based on
electromagnetically induced transparency (EIT) [14,15].
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Due to the suppression of coherent carrier coupling for
atoms located at SW nulls [30] and the associated photon
scattering undesired for laser cooling, theoretical treat-
ments have predicted modest advantages in cooling speed
and phonon number limits forDoppler cooling. For ground-
state EIT cooling, use of a SW “probe” or “cooling” beam
with ions positioned at intensity nulls has been predicted to
offer significant improvements simultaneously in cooling
rate, bandwidth, and final phonon number [31,32], but has
not previously been experimentally realized. Importantly,
due to the SW EIT scheme’s complete suppression of both
first-order carrier and blue sideband transitions in favor
of the red sideband transitions that extract energy from
motion, it in principle allows motional mode occupancies
below the photon recoil limit and comparable to or below
those achievable with resolved sideband cooling, further-
more for multiple modes simultaneously and at signifi-
cantly higher rates.
In this work, we experimentally demonstrate fast,

broadband laser cooling in nodal positions of integrated
SW drive fields. We measure Doppler cooling to below the
Doppler limit for a trapped ion positioned at SW nodes,
realizing a long-standing prediction and verifying the basic
mechanism. We further experimentally demonstrate SW
EIT ground-state cooling of radial motional modes to
phonon occupancies n̄ ≈ 0.05, and all single-ion motional
modes spanning a 5 MHz bandwidth close to the ground
state (n̄≲ 1), within 150 μs starting from near the Doppler
limit. The foundry-fabricated trap devices utilized in this
work incorporate running-wave (RW) beam delivery that
allows direct experimental comparison between the car-
rier-nulled SW scheme and the RWequivalent. We thereby
demonstrate SW EIT’s simultaneous advantages in
motional mode bandwidth, cooling rate, and final phonon
number. We present detailed simulations of limiting non-
idealities in our apparatus that indicate straightforward
design optimizations would reduce the final phonon
number limit by over an order of magnitude further, to
the limits imposed by current technical noise levels. This
work realizes fast, multi-mode ground-state cooling,
addresses a significant operation time limitation in
trapped-ion QC systems, and demonstrates a clear perfor-
mance advantage practically enabled by scalable optical
control of atomic systems.
In the following, we first review the basic mechanisms

and intuition behind the cooling schemes demonstrated
here. We then describe the experimental platform and
apparatus utilized and present characterization of the
photonics spanning ultraviolet (UV) to near infrared
(NIR) wavelengths employed in the trap device, including
profiling of the UV SW using a single 40Caþ ion as a high-
resolution probe. We thereby characterize the extinction
realized at the SW nodes, along with our ability to precisely
position the atom in this spatially varying intensity profile.
We present results demonstrating Doppler cooling to below

the Doppler limit at SW nodes for multiple modes, followed
by SW EIT cooling of all single-ion modes to near the
ground state. We perform direct evaluation against the
comparable RW EIT scheme to verify the SW field’s
role and the relative performance of the two schemes.
Experimental details and numerical simulations quantifying
technical limitations on the observed performance are
presented in the Appendix, indicating concrete routes to
further improvement. We conclude with a discussion of
these straightforward improvements and the expected
resulting performance, the fundamental limits of the cooling
scheme demonstrated here, and extensions to multi-ion
crystals.

II. CARRIER-NULLED COOLING MECHANISM

The enhancements to both Doppler cooling and EIT
ground-state cooling demonstrated here rely on a similar
basic mechanism [29,31,32] which we briefly review in
this section. Figure 1(a) shows the level structure for a
closed two-level system of frequency ω0, driven by a
cooling laser field with amplitude Ωc. Considering one
mode of motion at frequency ωm of such an atom in a
harmonic trap, in addition to the “carrier” transition,
resonant at drive frequency ω0, resonant transitions at
ω0 � ωm add or substract a quantum of motion upon
internal state excitation, referred to as “blue” and “red”
sideband transitions (RSB and BSB, respectively) and
indicated by the blue and red lines in Fig. 1(a). For atoms
with wavefunction extent small compared to the wave-
length (the Lamb-Dicke regime) [33] where first-order
sidebands dominate, the carrier transition and these side-
band transitions approximate the full behavior. For a two-
level system with electric dipole moment, the carrier
transition has amplitude Ωc proportional to the electric
field strength at the ion location. The sideband transitions
have amplitude proportional to the field gradient, ηΩc,
with η the Lamb-Dicke parameter, well below unity for
typical parameters. Hence for light delivered as a phase-
stable standing wave [Fig. 1(b)] to an atom positioned at a
node where only the field gradient is nonzero, the carrier is
nulled and only sidebands are driven.
Cooling is generally achieved via excitation in a manner

that preferentially drives RSB transitions. Figure 1(c)
shows the excited-state population and hence spontaneous
scattering rate as a function of a cooling beam detuning for
an atom at rest. A RW cooling beam at Δc ¼ −Γ=2 results
in optimal contrast between RSB and BSB scattering rates;
however the strong carrier transition is also driven,
resulting in additional photon scattering that heats the
ion motion. When Ωc is instead delivered as a SW and the
ion positioned at a node, this carrier scattering is nulled,
resulting in an approximately 2× lower cooling limit [29],
quantified by the steady-state expectation phonon number
n̄ss. Additionally, carrier suppression reduces power broad-
ening of the line at high Ωc which in turn would reduce
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contrast in the RSB and BSB scattering rates; this reduced
saturation allows SW cooling to operate at higher Ωc
and hence cooling rates both within and beyond the LD
regime [29,32].
A similar concept can be applied to EIT cooling, with

more significant improvement in the cooling performance.
EIT cooling utilizes a three-level electronic system driven
by a strong pump beam ðΩp;ΔpÞ [Fig. 1(a)] which
modifies the atomic response to a temporally coherent
“cooling” or “probe” beam (Ωc, Δc). Excitation is sup-
pressed at the two-photon resonance Δc ¼ Δp, with bright

resonances ac Stark shifted by δEIT ¼ 1
2
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

p þ Δ2
p

q
−

ΔpÞ from either the single- (Δc ¼ 0) or two-photon cool-
ing beam resonance conditions (gray lines) [34]. As shown
in Fig. 1(d), RW EIT uses the dark resonance to suppress

carrier excitation by setting Δc ¼ Δp; by choosing Ωp and
Δp to set δEIT ¼ ωm, the narrow bright resonance results in
strong contrast between the RSB and BSB scattering rates,
and much lower n̄ss limits as compared to Doppler cooling
[14,15]. However the finite BSB excitation rate still limits
n̄ss values achievable, and the strong carrier coupling on
the Ωc beam again limits cooling rates. Delivery of Ωc as a
SWand setting δEIT ¼ 2ωm allows for a different choice of
Δc [Fig. 1(d)] that leverages the spatial coherence of the
interfering fields to null carrier excitation, and uses the
EIT dark resonance to perfectly null BSB excitation. This
results simultaneously in dramatically lower n̄ss values
achievable, comparable to or even below resolved side-
band cooling; significantly broader cooling bandwidth, i.e.
the range of motional mode frequencies around the target
ωm that can be effectively cooled; along with higher
cooling rates [32].

III. EXPERIMENTAL SYSTEM

The relevant energy levels and transitions of the 40Caþ
ions used in this work are shown in Fig. 2(a). We use a
foundry-fabricated ion trap chip device with both silicon
nitride (Si3N4) [35] and aluminum oxide (Al2O3) wave-
guides [36–38] to deliver all required wavelengths for
40Caþ ion control. The device layer stack-up is shown in
Fig. 2(b). Devices are fabricated on 100-mm-diameter Si
substrates, with thin-film Si3N4 and Al2O3 patterned via
electron-beam lithography to define photonic elements for
coupling, splitting, routing, and beam-forming. In this
work, Al2O3 is used for the blue and UV wavelengths
(λ ¼ 375, 397, and 422 nm) and Si3N4 for visible and near-
IR wavelengths (λ ¼ 729, 854, and 866 nm). The latter are
of the same cross section as employed in previous work
[18]. The top Ti/Au layer forms a surface-electrode Paul
trap [39] designed to confine ions 50 μm above the top
surface. The openings for beam delivery from waveguides
to the ion are coated with a 20-nm-thick conductive
indium-tin-oxide (ITO) layer [17], intended to shield the
ion from stray charge on exposed dielectrics, including
light-induced charging. Underneath the trap electrodes, a
gold ground plane is formed to shield the silicon substrate
from rf fields and the ions from the mobile charge carriers
in the substrate [40,41].
Figure 2(c) shows a schematic of the trap zone and beam

configuration used in this work, with waveguide channels
and couplers for wavelengths used for photoionization
(λ ¼ 375 and 422 nm), optical transition coherent control
(729 nm), repumping (854 and 866 nm), and state
preparation, laser cooling, and readout (397 nm). Two
grating couplers (“SW1” and “SW2”) fed by the same
1 × 2 multi-mode interferometer (MMI) splitter emit at
θ ¼ 60° from the trap normal to intersect 50 μm above the
trap surface, forming a phase-stable λ ¼ 397 nm SW in
the x − y plane. These are oriented along a line at −45° to

(a) (b)

(c)

(d)

FIG. 1. General mechanism behind SW cooling schemes
demonstrated. (a) Basic level structures relevant to Doppler
(left) and EIT cooling (right), with symbols as defined in the
main text. Blue and red lines (shown only on the left for
simplicity) indicate motional sideband transitions that raise or
lower n of a mode of frequency ωm. (b) Phase-stable beams
counterpropagating along x and polarized along y in this
illustration result in a standing-wave intensity profile; atoms
confined at nodes experience maximum gradient that drives
sideband transitions only, with nulled carrier excitation. (c) Ex-
citation spectrum of the Ωc beam for Doppler cooling. When Δc
is chosen at −Γ=2; probabilities of RSB and BSB scattering are
proportional to ρee at the red and blue dashed lines, and similarly
for carrier scattering in a RW at the black dashed line. (d) Ωc
excitation spectrum for EIT cooling in the presence of Ωp at
fixed Δp. Insets show choice of pump beam strength Ωp and
resultant ac stark shift δEIT for optimal cooling of a mode of
motional frequency ωm, for the Ωc beam delivered as a RW,
or as a SW.
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(a) (b)

(c) (d)

FIG. 2. Experimental platform and ion trap device delivering the required wavelengths. (a) Relevant energy level structure of 40Caþ.
λ ¼ 397 nm transitions are used for laser cooling and state readout; light at 729 nm drives an electric quadrupole transition for
spectroscopy and motional diagnostics; and 854 and 866 nm serve as repumpers. Δp and Δc denote the detuning of the EIT pump (σ̂þ)
and the probe beam (π̂) from the j4S1=2; mj ¼ −1=2i ↔ j4P1=2; mj ¼ þ1=2i and the j4S1=2; mj ¼ þ1=2i ↔ j4P1=2; mj ¼ þ1=2i
transitions respectively. (b) Layer stack-up schematic, incorporating waveguide features for routing and emission in a 130-nm-thick
Al2O3 layer and in Si3N4 layers of 25 and 170 nm thickness. A 500-nm-thick Au layer (using Ti for adhesion) forms both the ground
plane and the top rf and dc electrodes. A 20-nm-thick conductive ITO film is used to mitigate potential surface charging at top electrode
openings. (c) Layout of the trap zone used, and the integrated waveguide and grating elements at the indicated wavelengths, B-field
orientation, top metal, and ITO features. Additionally, free-space λ ¼ 397 nm beams are employed for the σ̂þ EIT pump and for the
π̂-polarized RW Doppler cooling beam, propagating parallel to the trap surface along and perpendicular to B⃗, respectively. (d) Bright-
field microscope image of the same zone.

FIG. 3. Integrated optical component characterization. Scanning electron microscope (SEM) images of (a) fabricated Al2O3 and
Si3N4 waveguides features near the trap zone employed in this work, following waveguide fabrication and prior to cladding
and metallization. (b) The 1 × 2Al2O3 MMI splitter, overlaid with the simulated intensity profile for λ ¼ 397 nm, feeding the “SW1”
and “SW2” grating couplers. (c) Measured grating emission profiles at the labeled wavelengths along the “longitudinal” direction x0 for
each grating [e.g., dashed line in (a) for the SW couplers], obtained from images of the radiated fields of the integrated grating couplers
at different heights above the trap electrode; line crossings indicate the target ion position, demonstrating realized targeting accuracy of
≲2 μm for all wavelengths.
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the trap axis x̂ to produce wave vector components along
the axial and both radial motional modes, and a π̂-polar-
ized field when fed with quasi-TE waveguide modes given
the orientation of the quantizing magnetic field. A separate
coupler oriented −34° to the trap axis delivers the RW EIT
probe beam, also approximately π̂-polarized. For EIT
cooling, these π̂-polarized fields couple j4S1=2; mj ¼
þ1=2i and j4P1=2; mj ¼ þ1=2i, while the σ̂þ-polarized
beam serving as the EIT “pump” coupling j4S1=2; mj ¼
−1=2i and j4P1=2; mj ¼ þ1=2i is delivered via free-space
optics and propagates along the magnetic field direction.
An optical microscope image of the fabricated trap zone is
shown in Fig. 2(d), with scanning electron microscope
images of the waveguide features shown in Figs. 3(a)
and 3(b), respectively.
Figure. 3(c) shows measured longitudinal emission

profiles of the gratings at the designed wavelengths,
profiled using a scanning imaging system with a scientific
CCD camera [42]. We measure a targeting inaccuracy of
less than 2 μm for all wavelengths, indicating the func-
tioning of the optical components in accordance with
design and simulation. This allows the experiments pre-
sented below to efficiently utilize delivery of the other
required wavelengths via fiber-coupled waveguide paths
alongside the λ ¼ 397 nm light most directly implicated in
the cooling schemes studied.
For cryogenic ion trap experiments, light is delivered to

the integrated waveguides via a 14-channel fiber V-groove
array (VGA) populated with single-mode fibers for both
UV and visible/NIR wavelengths. The VGA and trap
chip are aligned to each other and mutually attached to
a common carrier PCB in a fashion compatible with both
cooling and thermal cycling to the 4.8 K experimental
operation temperature, as well as UV delivery without
photodamage. In this work, all λ ¼ 729, 854, and 866 nm
light is delivered through the integrated channels. The
integrated SWand RW λ ¼ 397 nm paths are used for SW
and RW cooling beam delivery for EIT experiments.
Photoionization to load the trap utilizes the integrated λ ¼
422 nm path and a free-space λ ¼ 375 nm beam. A free-
space σ̂þ-polarized λ ¼ 397 nm beam is used for state
preparation and as the EIT pump beam, and a free-space
π̂-polarized beam for RW Doppler cooling and readout.
Further details on the full device layout and packaging are
provided in the Appendix.

IV. SW PROFILING AND CHARACTERIZATION

We use a single 40Caþ ion as a high-resolution field
probe, and as a means to evaluate positioning stability in
the UV SW generated via the on-chip optics. We control
the ion position via dc voltages applied to the trap
electrodes and characterize the SW profile by measuring
the ac Stark shift δ on a narrow-linewidth optical quadru-
pole transition as a function of ion position along the trap

axis (controlled via dc voltages applied to the trap electro-
des), with λ ¼ 397 nm light detuned by Δ397 from the
j4S1=2i ↔ j4P1=2i transition incident through the SW
couplers. We use a small detuning Δ397=2π ¼ −1 GHz
such that δ is dominated by the ac stark shift
of j4S1=2; mj ¼ þ1=2i.
After laser cooling and optically pumping the ion into

the j4S1=2; mj ¼ þ1=2i state, we measure δ via spectros-
copy on the j4S1=2; mj ¼ þ1=2i ↔ j3D5=2; mj ¼ þ1=2i
with a λ ¼ 729 nm probe pulse detuned Δ729 with respect
to the unshifted resonance, applied simultaneously with
the SW light. Figure 4(a) shows the resulting populations
PS1=2 remaining in the electronic ground state, measured as
a function of Δ729 and the ion position along the axial

(a)

(b)

FIG. 4. SW profiling via ac Stark shift measurements on the
optical quadrupole transition. (a) Population PS1=2 remaining in
j4S1=2i after a π pulse on the j4S1=2; mj ¼ þ1=2i ↔
j3D5=2; mj ¼ þ1=2i carrier transition, with λ ¼ 397 nm light
detuned by Δ397=2π ¼ −1 GHz sent to the SW couplers. The
measurement is taken for varying axial displacements of the ion,
with axial mode initially cooled to the ground state via RW EIT
cooling for this data. Δ729 ¼ 0 corresponds to the quadrupole
transition frequency calibrated with no light in the SW. (b) Cor-
responding fit ac stark shift on j4S1=2; mj ¼ þ1=2iδ vs axial
displacement (black), along with that measured only after
Doppler cooling (purple). Lines correspond to a fit SW profile
with Gaussian amplitude envelope. The contrast near the SW
center at 0 displacement for ground-state-cooled ions yields a
Stark shift extinction ratio γ≡ δan=δn ¼ 10.83ð3Þ. 1σ error bars
are smaller than data points.
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direction x̂, for an ion with axial motion initially cooled to
the quantum ground state. Fits of the excitation spectrum at
each position allow determination of δ, which are shown
(with fits to a Gaussian-envelope SW profile) in Fig. 4(b).
Fit δ values for the data in panel (a) are shown in black, and
additionally for ions initially cooled only to the Doppler
limit in purple.
We define the ac Stark shift extinction ratio in the SW,

γ≡ δan=δn, as the ratio of the ac Stark shift at the antinode,
δan and at the node, δn. Due to optical coupling to sideband
transitions, or equivalently as due to the spatial depend-
ence of the ac Stark shift on the ground state [43], even for
an optical profile with perfect intensity extinction at the
SW nodes, δn scales with the wavefunction extent and
phonon number of motional modes with mode vector
projection along the SW direction (see Appendix F). As a
result, we measure a larger γ after ground-state cooling of
the axial mode (black points and fits) as compared to
simply after Doppler cooling (purple). Near the center of
SW profile, the fits indicate γ ¼ 10.83ð3Þ for ground-state-
cooled ions. Measured phonon numbers and associated
wavefunction extent after the cooling employed would
result in γ0 ≈ 20 (see Appendix F). The difference between
γ0 and our measured γ would be explained by residual
carrier coupling at the node with Rabi frequency 9.5% of
the SW antinode. Approximately 20 nm-level fluctuations
in trap position on timescales shorter than those over
which we average for the Stark shift measurements would
account for the discrepancy between γ0 and γ, which may
be due to E-field noise and resulting jitter in the equilib-
rium trap position (see Appendix F).

V. SW DOPPLER COOLING

We employ the demonstrated SW extinction, as well as
stable ion positioning in the UV SW, to explore SWDoppler
cooling to phonon numbers below the typical Doppler limit.
In our experiment, the free-space RWand the integrated SW
beams used for Doppler cooling have the same wave vector
direction in the x̂ − ŷ plane, allowing simultaneous cooling
of all three motional modes (see Appendix E). We iter-
atively scan the RW and SW cooling beams’ detuning,
intensity, and pulse duration to first minimize the
decoherence of Rabi oscillations on a λ ¼ 729 nm tran-
sition due to the ion’s motion and then the phonon numbers
of the R2 mode via a more precise method based on
imbalance in motional sideband excitation of a λ ¼
729 nm optical quadrupole transition [44]. Both the opti-
mized RW and SW detunings are consistent with Δ ¼
−Γ=2 given the P1=2 natural linewidth Γ ≈ 2π × 21.5 MHz.
Finally, with the optimized cooling beam parameters, we
measure the resulting phonon number via the sideband
imbalance method for all three motional modes.
Prior to cooling within experimental sequences, ions

are expected to have axial mode occupancies n̄ax of order
100 due to scattering during the preceeding readout

(see Appendix D). As reported in Table I, after 1500 μs
of RW Doppler cooling the phonon numbers in all
three modes approach the standard RW Doppler limit
≃ Γ

2ωm
ð1
2
þ α

cos2θm
Þ, for motional frequency ωm, angle

between the cooling beam and motional direction θm,
and coupling of isotropic spontaneous emission into any
motional axis α ¼ 1=3 [45,46].
For SW Doppler cooling, we can apply varying

strengths of the carrier and sideband interactions by
translating the ion through the SW profile. Figure 5 shows
the measured n̄ in the R1 radial mode following SW after
RW Doppler cooling, as a function of trap displacement
along the axial direction. In contrast to the SW nodes at
which the ion is cooled to below the Doppler limit, at the
SW antinodes, the field gradient is zero, which leads to no
sideband excitation and only heating from carrier excita-
tion [29]. The regular dependence of n̄ with axial position
and the correspondence to the SW periodicity confirm the
SW’s role in cooling, and the ability to leverage phase-
stable delivery for motional control.
For an ion positioned at a SW node, SW Doppler

cooling of 700 μs duration with or without preceding RW
cooling brings the phonon number in the axial mode to

TABLE I. Theoretical and experimental (with 1σ uncertainty)
final phonon numbers. From left to right, columns correspond to
theoretical limit of RW Doppler cooling; and measured n̄ss
values after 1500 μs Doppler cooling with the RW, 700 μs with
the SW and ion positioned at a node, or both, on all three
motional modes.

RW limit RW SW RW & SW

Axial (1.18 MHz) n̄ss 10.6 12(2) 6.9(6) 6.4(5)
R1 (4.45 MHz) n̄ss 4.4 4.2(5) 2.5(2) 2.4(2)
R2 (5.27 MHz) n̄ss 3.7 2.7(4) 1.7(1) 1.7(1)

FIG. 5. Final R1 mode phonon number after SW Doppler
cooling (black points) as a function of axial position. Dashed line
and uncertainty indicates the n̄ measured after RW cooling. Zero
displacement corresponds to the central SW node. Error bars
indicate 1σ uncertainty.
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∼1.8× below the RW Doppler limit, with similar enhance-
ment factors in cooling limit observed for the radial modes
(Table I). These cooling limits are lower by close to the
factor of two predicted within the Lamb-Dicke (LD) regime
[29]. The agreement between values of final phonon number
n̄ss measured with and without RW Doppler cooling also
indicates the effectiveness of SW Doppler cooling even
from well beyond the LD regime [32].

VI. GROUND-STATE SW EIT COOLING

Having demonstrated simple cooling dynamics in the
phase-stable SW, we turn to ground-state EIT cooling for
which enhancements of greater practical significance are
predicted in SW configurations [32].
In our experiment, the three-level system consists of

the two 4S1=2 ground states, and j4P1=2; mj ¼ þ1=2i.
We employ a free-space σ̂þ-polarized pump beam with
Δp ≈ 2π × 120 MHz, and approximately π̂-polarized
cooling beams originating either from the integrated SW
couplers, or the RW coupler (Fig. 2) for a direct com-
parison between RW and SW cooling. Note that the
cooling axis in RW EIT is the wave vector difference
between the pump and cooling beam; for SW EIT it is
simply the SW wave vector itself. Both RW and SW
cooling axes have considerable projection along radial
and axial modes (see details on mode orientations in
Appendix E). Here, we tune Ωp to optimally cool the R1

mode for both RW and SW EIT cooling and measure the
resulting phonon number in all modes to directly compare
the performance of RW and SW EIT in terms of cooling
rate, limit, and bandwidth.
We use two sets of Ωp and Δc according to theoretical

expectations for RW and SW EIT cooling targeting the R1

mode. We set the ac Stark shift from Ωp on j4S1=2; mj ¼
−1=2i to the expected value using the inverse ac Stark shift
sequence described in Appendix D. With Ωc below
saturation, we also vary Ωp and Δc to confirm that the
chosen values minimize n̄ss for both RW and SW EIT.
Lastly, we minimize the cooling duration by increasingΩc.
Figure 6 shows the measured phonon numbers for all

motional modes as a function of cooling duration, for
optimal RW and SW EIT cooling parameters chosen to
cool the first radial mode R1 with frequency ωR1

¼
2π × 4.45 MHz, and with the ion positioned at the node
of the SW cooling beam in the latter case. We fit the
cooling trajectories to ˙̄nðtÞ ¼ −Wcn̄ðtÞ þ Rh, with Wc the
cooling rate and Rh the total heating rate and from which
we infer n̄ss ¼ Rh=Wc; results of the fits and final n̄ values
achieved are summarized in Table II. RW EIT of 500 μs
duration on the target R1 mode hasWc and n̄ss comparable
to previously demonstrated results [14,15], but negligibly
affects the other two motional modes. On the other
hand, ∼150 μs of SW EIT cooling brings this mode to
n̄ss ¼ 0.050ð3Þwithin a shorter duration. At the same time,

SW EIT significantly reduces the phonon numbers in the
other two motional modes. In particular, despite both
optimized on a mode of ∼4× higher frequency, RW
EIT weakly cools the axial mode while SW EIT brings
it to ∼10× below its Doppler limit, clearly demonstrating
the SW scheme’s higher cooling bandwidth [32]. Due to
increased positional drifts observed at high emitted inten-
sities (see Appendix I), we operate atΩc well below that at
which the SW EIT cooling rate would saturate, indicating
potential for further future improvements in Wc.
Our experimentally observed n̄ss values are significantly

above the < 10−4 levels theoretically possible with SW
EIT cooling [32]. As detailed in Appendix H, key
experimental limitations to n̄ss in our experiments arise
from, in order of importance: (1) σ̂þ beam polarization
impurity arising from quantization axis oscillations due to

FIG. 6. RW and SW EIT cooling dynamics. The expectation
phonon number in all three motional modes is measured as a
function of cooling time for both RW and SW EIT, in all cases
with cooling parameters optimized for the R1 mode. Correspond-
ing final phonon numbers and cooling rates are listed in Table II
(see raw data of the sideband imbalance measurement used to
infer n̄ after EIT cooling in the appendix). Error bars indicate 1σ
uncertainty.

TABLE II. Final phonon numbers and cooling rate (with 1σ
uncertainty) of cooled motional modes after 500 μs RW EIT or
150 μs SW EIT cooling optimized for the R1 mode. For well-
cooled modes, we fit cooling trajectories to extract Wc and n̄ss;
for weakly cooled modes, fit results were relatively unreliable,
and we report the final measured n̄, marked with asterisks. RW
EIT cooling rates of the negligibly cooled axial and R2 modes are
omitted due to high uncertainty.

RW EIT SW EIT

n̄ss Wc (ms−1) n̄ss Wc (ms−1)

Axial 5(1)* 0.8(1)* 25(3)
R1 0.088(5) 21(2) 0.050(3) 57(3)
R2 1.3(1)* 0.056(4) 52(3)

RAPID MULTI-MODE TRAPPED-ION LASER COOLING... PRX QUANTUM 7, 043027 (2026)

043027-7



trap rf-induced magnetic fields [47,48], resulting in ∼0.6%
relative intensity in the π̂ component in our current system
(2) positional fluctuations and/or imperfect SW optical
extinction that result in residual intensity at the SW node;
and (3) motional heating rates. As quantified in our master
equation simulations (Appendix H), these known non-
idealities limit the achievable n̄ss to the 10−2 level achieved
experimentally. While our model explains the order of
magnitude of our n̄ss results for both RW and SW
experiments, our experimentally measured final phonon
numbers are still approximately 2× higher than those
predicted from our simulations in the presence of the
known nonidealities, likely due to excess technical noise
during EIT experimental sequences not accounted for in
our independent estimations (see Appendix H). While
future experiments will be required to validate our master
equation model at significantly lower phonon numbers,
our simulations indicate that polarization impurity in the
σ̂þ beam is the dominant nonideality, and hence that
implementation of rf electrode structures that eliminate
oscillations in B-field orientation due to trap rf currents
would enable SW EIT to reach n̄ ≈ 5 × 10−3 for the radial
modes, an order of magnitude below those observed
currently. Reduced electric field noise, and therefore
heating and positional fluctuations, could allow yet further
reductions toward the n̄ ∼ 10−5 level that is the theoretical
limit of the scheme for our parameters, limited by sideband
excitations associated with the RW pump beam employed.
Nevertheless, in the presence of all present experimental

nonidealities, our experiments demonstrate simultaneous
enhancements in cooling limit, rate, and mode frequency
bandwidth due to carrier nulling. The realized performance
further compares favorably across metrics with polariza-
tion gradient cooling recently realized in integrated plat-
forms [27], indicating the promise of SW EIT schemes for
fast, broadband laser cooling in integrated settings.

VII. DISCUSSION AND OUTLOOK

Our work suggests various possible improvements to the
operations implemented, along with broader possibilities
for atomic control in scalable platforms.With respect to SW
EIT cooling specifically, integrated delivery of all required
beams, including the σ̂þ pump, could be implemented by
switching to a B-field oriented along the trap surface
normal, and a pump beam emitted along the same direction
with passive structures emitting pure circular polarization
[49–52]. Trap rf electrode routing that minimizes time-
varying B-fields perpendicular to the quantization axis
would allow SW cooling to reach significantly lower
phonon numbers. Operation at higher quantizing magnetic
field strengths would further lessen sensitivity to polariza-
tion impurities. Straightforward improvements to the fab-
rication process will further reduce the overall input-to-ion
loss, as would higher-efficiency UV gratings based e.g. on
higher index-contrast waveguide platforms [53] and/or

multi-layer gratings [54]. Together with improved trans-
parent conductive shielding, the resulting higher cooling
beam intensities would allow yet higher cooling rates than
those demonstrated here and thereby lower n̄ss values for a
given heating rate, as detailed in Appendices H and I.
Two-ion crystals cooled to phonon numbers demon-

strated in this work would support laser-based entangling
gates with errors due to motional occupancy at the < 10−4
level [11]. Achieving such occupancies in a single GS
cooling step may alleviate overheads associated with
cooling. Fast GS cooling also affects architectural con-
siderations in trapped-ion QC systems, for example in
evaluating tradeoffs between laser-based and microwave
gates, the latter which can operate at high fidelities with
relaxed cooling requirements [55]. We note that even in the
case of microwave gates, efficient GS cooling methods
may be essential for further fidelity improvements, robust-
ness against compounding imperfections in large-scale
systems, and allowing for ion transport at higher speeds
and resulting excitations [5]. The sub-recoil limit phonon
numbers at the < 10−4 levels fundamentally enabled by
the SW EIT scheme demonstrated here can eliminate the
need for sideband cooling even for the most stringent
motional mode occupancy requirements.
The methods demonstrated here can be extended both to

multi-ion crystals and more complex internal state struc-
tures. Ion chains containing two coolant ions [3,4] may be
cooled in SWs oriented as in this work, with positioning
requirements comparable to those of many laser-based
geometric phase gates [33]. Radial modes of long ion strings
with irregular spacings could be straightforwardly addressed
either with a SWor Hermite-Gaussian field with nodal line
along the axis. EIT cooling has been demonstrated in ions
with nonzero nuclear spin and significantly more complex
internal structure [56,57], for which we expect similar
advantages from carrier nulling. Evaluation of carrier-nulled
EIT cooling’s performance for highly excited ions would
also be an interesting avenue for future work [58].
Concepts similar to those demonstrated here may be

applied to systems based on individual neutral atoms
requiring ground-state cooling [59–61], including with
more general structured light fields [62,63]. The optical
addressing and ion positioning precision demonstrated in
this work also indicate the practicality of related concepts
for quantum logic [26,64–66] in integrated devices, and
metrology [67], suggesting broader potential for scalable
optical addressing to enhance atomic control at a basic
physical level.
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APPENDIX A: DEVICE DESIGN AND
FABRICATION

Trap devices were fabricated at LioniX International,
with support from the University of Twente for Al2O3

deposition, on 100-mm-diameter wafers. The layer stack
used is similar to previous work [23] using this foundry
platform, but additionally incorporating Al2O3 wave-
guides for low-loss light delivery at blue and UV

wavelengths, indium tin oxide (ITO) as a transparent
conductor to shield windows in the top metal introduced
to allow light propagation out of the device [17], and
utilizing gold for both top metal and ground plane layer.
All waveguide features were fabricated using electron
beam lithography in this work.
Emitting gratings were designed according to the

methods presented in Ref. [69], and simulated with full
3D FDTD (Ansys Lumerical FDTD and Tidy3D). The
1 × 2397 nm MMI splitter used for the SW generation has
a simulated excess loss of 0.21 dB. Simulated grating
losses for the designs presented in Fig. 3 range from 3 dB
for the Si3N4 designs for 729 nm wavelength, to 8 dB for
present blue/UV wavelengths in Al2O3. The latter effi-
ciencies are limited by the relatively low refractive index
contrast between Al2O3 and SiO2; incorporation of higher
refractive index contrast core materials for blue/UV wave-
guides [53] and/or multi-layer gratings [54] would enable
higher efficiency gratings of the same footprint.
Input couplers to the on-chip waveguides rely on lateral

tapers for the Al2O3 waveguides, which taper down to
150 nm width at the fiber-coupling edges [the left edge in
Fig. 7(a)], to result in weakly confined modes relatively
well matched to optical fiber modes. The same vertical
taper designs used in Ref. [18] were used for the Si3N4

waveguides. After fabrication of the Al2O3 waveguides
on the present devices but prior to the SiO2 cladding
deposition, delamination of the narrow waveguides within
approximately 300 μm of the intended input coupling chip
edge was observed, due to poor adhesion of narrow Al2O3

FIG. 7. Ion trap chip design and schematic assembly. (a) Design layout of the ion trap device showing Al2O3 and Si3N4 waveguide
features, and dc and rf electrode configurations. (b) Schematic of fiber V-groove array (VGA) and trap device mounting on the carrier
board fixed to the 4 K experimental chamber. (c) Side view of the fiber VGA attachment.
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features to the substrate; this issue was present only where
the Al2O3 waveguide features were narrow. As a result,
chip die were diced at that facet approximately 350 μm
inwards from where originally intended, at such a distance
in from the originally intended facet that the lateral
taper had expanded to a width that remained fixed to the
thermal SiO2 beneath the waveguides. While this allowed
input coupling to all channels, it resulted in somewhat
higher edge-coupling losses on all channels than expected,
as discussed below. This issue can be straightforwardly
avoided by incorporating large-area Al2O3 features off the
actual trap die to anchor the narrow laterally tapered
waveguides in future fabrication runs.

APPENDIX B: TRAP ASSEMBLY, PACKAGING
AND POWER HANDLING

On-chip waveguide channels [see Fig. 7(a)] are fed by a
fourteen-channel V-groove array (VGA), supplied by OZ
Optics. The VGA is populated with Fibercore SM300 and
Nufern S630-HP fibers with 127 μm pitch, to deliver light
to Al2O3 and Si3N4 waveguides, respectively. We use the
outer two channels to align the VGA with the trap device
by maximizing transmission through the outer Si3N4

waveguide loop visible in Fig. 7(a).
We polish with a method similar to [18] to reduce

roughness from dicing and loss associated with the
coupling interface of the ion trap chip. To facilitate
polishing, a piece of 1.2 × 3.3 mm2 SiO2 with 500 μm
thickness is coated with 500 nm of gold (to prevent
possible stray field from the exposed dielectric) and
attached with a conductive epoxy (EPO-TEK, model
H21D) to the top surface of the trap chip at the fiber-
coupling edge shown in Fig. 7. Subsequently, we spin-coat
the chip in a protective photoresist (FSC M) and mount it
in a custom-made holder for facet polishing. Because our
devices contain nearly twice as many optical channels as
those in Ref. [18], we employ a polishing holder designed
to minimize lateral curvature of the facet and hence the air-
gap between fibers and waveguides.
The trap chip’s Si substrate thickness (500 μm)

differs from that of the VGAs used (1 mm). To match
the waveguide and fiber heights, we attach a Si piece of
3.5 × 7 mm2 dimension and 500 μm thickness to the
carrier PCB using EPO-TEK T7110 epoxy, as a “pedestal”
on which to mount the trap [see Fig. 7(b)]. In addition
to matching the waveguide height to that of the VGA
substrate thickness (1 mm), the epoxy thickness (roughly
50 μm) results in a small gap between the VGA substrate
and the PCB, providing clearance to position the VGA for
fiber attachment. Subsequently, we scribe the Si substrate
of the die to break through the native oxide and remove the
protective photoresist. We attach the die to the Si pedestal
using EPO-TEK 301-2FL epoxy (epoxy without filler) to
minimize the gap between the Si pedestal and the trap chip.
Furthermore, we leave an approximately 500 μm distance

[see Fig. 7(c)] between the fiber coupling edge of the trap
die and the edge of the Si spacer on the fiber coupling side,
which is crucial to prevent epoxy from wicking between
the VGA and the trap interface during VGA attachment.
We apply a drop of conductive silver epoxy (EPO-TEK,
model H21D) on both sides of the trap chip near where the
native oxide was scribed to contact the Si substrate, gold-
coated SiO2 piece, and the ground of the trap metal to
the ground of the carrier PCB. We wirebond the trap
electrodes to the carrier PCB (gold electrodes) using
25-μm-diameter gold wire with a wedge wirebonder.
To attach the fiber array, we clamp the carrier PCB in a

custom mount heated to 90 °C, 10 °C above the glue curing
temperature. The VGA is clamped to a Thorlabs HFA001
fiber array holder and mounted on a 6-Axis NanoMax
Stage (Thorlabs MAX603D) for automatic alignment by
maximizing the transmission through the loop waveguides
shown in Fig. 7(a). We use three degrees of freedom (DOF)
for automatic alignment, and the other three DOFs are left
for manual alignment. After alignment, we press the VGA
against the chip so that static friction between the VGA
and trap interfaces allows us to passively maintain cou-
pling for multiple hours.
From the total loop transmission, we measure an inser-

tion loss of approximately 5.5 dB=facet at λ ¼ 729 nm, in
comparison to the ∼1.5 dB level loss measured for the
same taper couplers in Ref. [18]. We attribute this excess
loss to the 350 μm indicing of the trap devices mentioned
above, which resulted in an optical mode more highly
confined in the Si3N4 at the facet and less matched to that
of the fiber; the same effect resulted in somewhat higher
insertion losses than designed for the Al2O3 channels.
We manually apply drops of EPO-TEK T7110 epoxy to
both sides of the VGA [see Fig. 7(c)], which wicks into
the gap between the VGA and the carrier PCB, with the
gap between the VGA and the bottom Si spacer preventing
the epoxy from wicking into the interface between the trap
die and the VGA. We release the VGA after two hours of
curing, while the carrier PCB is kept overnight on the
heated mount to minimize the risk of uncured epoxy. We
measure additional losses of 0.5 and 0.14 dB per facet (at
729 nm) during cool-down from 90 °C to room temper-
ature and from room temperature to 4.8 K, respectively.
We attached and cooled down three devices in the same
manner and measured similar insertion loss and cool-
down behavior. Additionally, we do not observe increased
losses after further thermal cycles between room temper-
ature and 4 K.
Prior to the eventually employed method, we fiber-

attached several samples following the procedure
described in Ref. [18], where epoxy was applied at the
VGA-trap interface. Even though the polished facets
(smooth at the single nanometer level) are in mechanical
contact, at 375 nm, we observed photo-degradation at
the fiber feedthrough for input powers as low as 25 μW.
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This effect occurred consistently across all tested devices,
regardless of the epoxy type (transparent or opaque) or the
polishing method. In contrast, the method described above
involving no epoxy in the optical path substantially
improved UV tolerance, allowing up to 15 mW of
375 nm light (the maximum available laser power) to
be delivered without detectable degradation.

APPENDIX C: WAVEGUIDE/GRATING
OPTICAL CHARACTERIZATION AND

UV WAVEGUIDE LOSS

We profile beams emitted by the various gratings
[Fig. 2(c)] using a microscope mounted on a vertical
motorized translation stage (Newport TRB12CC). The
stage provides 0.25 μm unidirectional positioning accu-
racy and allows us to image grating emission at different
heights above the trap device. The emission was collected
through a 0.95 NA objective (Olympus MPLANAPO50x)
and imaged onto a scientific CCD camera (Lumenera
Infinity 3 S-1UR) [42]. We optimize the input polarization
by monitoring the grating emission angle roughly 50 μm
above the device. TE polarization emits at a higher
angle relative to the normal, owing to the larger effective
index in Al2O3 and Si3N4 waveguides. We measure a
targeting inaccuracy below 2 μm for wavelengths span-
ning 375–866 nm. In addition, we measure waveguide loss
of 1.7ð3Þ dB=cm at λ ¼ 397 nm for quasi-TE modes of
single-mode Al2O3 waveguides. Si3N4 propagation losses
were similar to those in Ref. [18].
We infer the total optical loss in the 397 nm SW channel

from fiber feedthrough to the ion location by measurement
of the differential ac Stark shift of the j4S1=2; mj ¼
þ1=2i ↔ j3D5=2; mj ¼ þ1=2i quadrupole transition,
similar to the measurements presented in Fig. 4. The λ ¼
397 nm light is 10 GHz red-detuned from the S1=2 ↔ P1=2

transition, such that the quadrupole transition shift is
dominated by the ac Stark shift of the j4S1=2; mj ¼
þ1=2i level. At the SW anti-node, we measure δ ¼ 2π ×
8.04 kHz for 161 μW power input at the vacuum fiber
feedthrough. We calculate the laser intensity ISW at the
anti-node corresponding to this ac stark shift from the
S1=2 ↔ P1=2 dipole transition strengths, and the power
emitted in the SW according to the expression
Ptot ¼ 1

4
ISWπwtwl. The transverse and longitudinal beam

waists wt ¼ 8.95 μm and wl ¼ 5.75 μm, respectively, are
obtained from the beam profile measurements discussed
above. Through these observations we infer a total loss
of 33.3 dB.
This total loss includes fiber connector losses, fiber-to-

chip edge-coupling loss, waveguide loss, MMI loss, grating
inefficiency, and fiber-mode concentricity; estimates of
these contributions are shown in Table III. We find the
measured total loss to be ∼10 dB higher than accounted for
by these contributions. Potential delamination in the Al2O3

waveguide despite the in-dicing may possibly account for
the additional loss (this is not directly visible in the
fabricated samples coated with metals).

APPENDIX D: LASER SYSTEMS, CRYOGENIC
APPARATUS, AND TRAP OPERATION

Ion trap devices are operated at cryogenic temperature
(4.8 K) to reduce electric field noise, enhance ion lifetime,
and enable rapid reconfiguration. We employ a closed-
cycle Gifford-McMahon cryocooler, which is ceiling-
mounted and mechanically decoupled from the experiment
chamber hosting the trap device to minimize vibrations.
The trap chip is mounted in a copper chamber with thick
25.4-cm walls to shield time-varying magnetic fields. A
static magnetic field of 8.9 G is generated by permanent
magnet rings installed directly the 4 K chamber, generating
a quantizing field with simulated fractional uniformity on
the level of 10−4=mm near the device center.
We use solid-state diode lasers and frequency doublers

(supplied by Toptica Photonics) to deliver all wavelengths
except λ ¼ 729 nm. These diode lasers are frequency-
stabilized via a wavelength meter (HighFinesse WS7-30),
with the exception of the λ ¼ 375 nm photoionization
laser which is free-running. The λ ¼ 729 nm light is
generated by a cw Titanium-Sapphire laser (M-Squared
SolsTiS), which is locked to a high-finesse reference
cavity (Stable Laser Systems). We measure T2 decay
times on the optical quadrupole transition of over 20 ms
at present, such that decoherence on this transition neg-
ligibly affects the results presented in this work.
Neutral Ca atoms are supplied to the 4 K chamber via a

resistively heated oven mounted in the room-temperature
vacuum chamber. The λ ¼ 422 nm photoionization beam,
729 nm qubit beam, and 854 and 866 nm repump beams
are delivered through integrated optics, along with both
the 397 nm SW and RW EIT π̂-polarized cooling beams.

TABLE III. Approximate loss budget for the λ ¼ 397 nm
channel feeding the SW profile. The simulated and measured
loss sources account for 20.3–23.1 of the observed 33.3 dB total
fiber-to-ion loss; we attribute the remaining ∼10 dB to potential
effects of delamination of the narrow input coupling waveguide
near edge-coupling facet which occurred on this particular
fabrication run.

Loss source Loss (dB)

Edge coupling (simulated) 3 dB
Additional in-dicing loss (simulated) 4 dB
Fiber connectors ∼4 dB
Grating efficiency (simulated) 8 dB
Waveguide loss (measured) 0.7 dB
MMI splitter (simulated) 0.21 dB
Beam misalignment (measured) 0.5 dB
Fiber core concentricity (simulated) 0–2.8 dB
Total 20.4–23.2 dB
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We employ a free-space optical path for a λ ¼ 397 nm
beam used for both RW Doppler cooling and qubit state
readout; the σ̂þ beam used for state-preparation and as the
EIT pump beam; and the 375 nm photoionization beam.
Although λ ¼ 375 nm waveguides are present on the chip,
this photoionization beam is delivered in free space due
to the power required and insertion losses in the present
device. A custom fiber feedthrough, similar to that
described in Refs. [18,70], is used to route fibers into
the vacuum chamber and to the VGA attached to the chip.
Experiment sequences used for various measurements

in this work are shown in Fig. 8, with the wavelengths and
pulse times detailed in Table IV.
Each experiment sequence begins after the previous

sequence’s readout. Phonon number excitation at the begin-
ning of each shot due to scattering during the preceeding
readout can be upper bounded by Δn̄ ¼ η20Γtread=2. For our
axial mode’s η0 ¼ 0.164 and given our measurement dura-
tion tread ¼ 250 μs, Δn̄ ≈ 450. Thus, we estimate the axial
phonon number to be of order ∼100 before Doppler cooling
as we use a close-to-saturation readout pulse.

We utilize voltage sets applied to the dc electrodes of the
trap to control axial confinement, displacements along
radial directions for micromotion-compensation, radial
mode orientation, and axial displacement within the SW.
These voltages are calculated following the methods in
Ref. [71] based on simulations of the trap geometry in
Nullspace ES [72], and applied via an open-source DAC
(Fastino). Radial confinement is provided by an rf signal
generator (Rigol DSG800), impedance-matched to the trap
with a lumped-element resonator circuit [73].
Stray dc fields are compensated using sinusoidal modu-

lation of the pseudopotential in a “tickle” technique [74],
probing parametric driving of the secular motion as an
indication of displacement of the ion from the rf null. Stray
fields are compensated with the voltage sets described
above. Since the SW has an intensity profile that varies
significantly along the horizontal rf micromotion direction
ðŷÞ, accurate micromotion minimization via stray-field
compensation is critical for ion positioning at the node.
For determination of Ωp parameters that induces the

target δEIT for both RW and EIT cooling, we use the ac
Stark shift sequence in Fig. 8 to measure the ac Stark shift
of the EIT pump beam on j4S1=2; mj ¼ −1=2i. A Ramsey
measurement is used to quantify the small ac Stark shift of
the j4S1=2; mj ¼ þ1=2i state induced by impurities in the
pump beam. These two results are used to infer the σ̂þ
pump beam’s purity and the associated limit to cooling,
detailed in Appendix G. Figure 9 shows examples of the
λ ¼ 729 nm sideband spectroscopy after RW or SW EIT
cooling sequences that are used to extract the phonon
number following optimized cooling.
We measure compensation position drifts of a few

nanometers per minute when light is sent through the
integrated SW gratings couplers, but observe that these
photo-induced stray fields generally relax back to their
initial values over several hours (see details on observed

FIG. 8. Experiment sequences used for various measurements.
SP and RP stand for state prep and repump respectively.

TABLE IV. Details of the pulses employed in the sequences
shown in Fig. 8. Here, FS, RW, SW stand for free-space,
integrated RW coupler, and integrated SW coupler beam deliv-
ery, respectively. All instances of the “729 pulse” in Fig. 8
correspond to λ ¼ 729 nm light sent through the integrated
coupler.

Pulse time (μs) 397 nm 866 nm 854 nm

RW DoppC 1500 FS ✓
SW DoppC 700 SW ✓
RW EIT 500 FS σ̂þ and RW ✓
SW EIT 150–200 FS σ̂þ and SW ✓
SP 2–5 FS σ̂þ ✓ ✓
Measure 250 FS ✓
397 pulse Varying SW or FS σ̂þ
Repump 5 ✓ ✓

FIG. 9. Sideband spectroscopy after RW (top) and SW (bot-
tom) EIT cooling. Measurements are taken with pulse times of
2.8, 30, and 60 μs for the carrier, axial sidebands, and radial
sidebands, respectively. Imbalance in RSB and BSB amplitudes
is used to infer n̄ values reported in Fig. 6 [44]. Error bars
indicate 1σ uncertainty.
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drifts in Appendix I). Compensation fields remain approx-
imately stable (within a few percent) over weeks of normal
operation. Conductive ITO shielding of the exposed
dielectric windows likely contribute to this stability in
the presence of the various integrated blue and UV beams;
however a more rigorous study is needed to fully under-
stand the effect of ITO in this context.

APPENDIX E: MOTIONAL MODE
ORIENTATIONS AND COOLING COEFFICIENTS

To allow simultaneous cooling and probing of R1 and
R2, we apply voltage sets to the trap’s dc electrodes that
allow for rotations of the radial mode orientations [71]. We
measure the radial modes’ orientation from their coupling
strength to the λ ¼ 729 nm beam, whose emission angle is
θ ¼ 34° to the trap surface normal. In Fig. 10, we fit the
carrier Rabi oscillations to

P↓ðtÞ ¼ 1 −X∞
n¼0

PðnÞsin2
�
Ω0

2
ð1 − nðη0 sin θÞ2t

�
(E1)

to extract Ω0 ¼ 0.628ð2Þ μs−1. BSB Rabi oscillations are
fit to

P↓ðtÞ ¼ 1 −X∞
n¼0

PðnÞsin2
�
Ω0

2
η0 cos θ cosϕ

ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p
t
�
;

(E2)

where PðnÞ ¼ n̄n

ðn̄þ1Þnþ1 are the thermal-state populations

and η0 ¼ 2π
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=ð2mωmÞ

p
the Lamb-Dicke parameter for

wavelength λ, ion mass m, motional mode frequency ωm.
These fits allow us to extract the radial mode rotation
angles from the trap normal of jϕj ¼ 51ð2Þ° and 49ð1Þ° for
modes R1 and R2 respectively.
The result is approximately consistent with both R1 and

R2 being rotated 45° counterclockwise with respect to the ẑ
and ŷ axes respectively. As a result, for our analysis we

take normal vectors associated with the modes to be
n̂R1 ¼ 1ffiffi

2
p ð−ŷþ ẑÞ, n̂R2 ¼ 1ffiffi

2
p ðŷþ ẑÞ.

For both RWand SW EIT cooling,Wc is proportional to
κ2η20Ω2

c for low cooling beam Rabi frequencyΩc. κ denotes
a “cooling coefficient” that accounts for the motional
mode’s normal vector relative to the axis cooled, defined
by the relevant k-vectors. These κ values for both RW and
SW EIT cooling of each motional mode are defined and
listed in Table V; given our mode and beam orientations,
SW EIT cooling acts on all modes, whereas RW EITwould
cool the R1 and axial modes, with much reduced coupling
to the R2 mode.

APPENDIX F: AC STARK SHIFT MOTIONAL-
STATE DEPENDENCE

To profile the λ ¼ 397 nm SW using the ion as a high-
resolution probe, we used the ac Stark shift sequence
illustrated in Fig. 8. After cooling during each experiment
sequence, the σ̂þ beam is tuned near to resonance with the
j4S1=2i ↔ j4P1=2i transition to optically pump population
into j4S1=2; mj ¼ þ1=2i. Then, we measure the spatially
dependent ac Stark shift δ through spectroscopy on
the j4S1=2; mj ¼ þ1=2i ↔ j3D5=2; mj ¼ þ1=2i transition
while sending λ ¼ 397 nm light detuned Δ ¼ −1 GHz
from the S1=2 ↔ P1=2 transition through the SW channel.
In the experiment, we use a fiber polarization controller
to adjust the input polarization such that λ ¼ 397 light
couples into the waveguide’s quasi-TE mode and emits
with approximately π̂-polarization.
The ion’s secular motion within the SW profile affects

the measured ac Stark shift, reducing the contrast between
the maximum and minimum ac Stark shift. The ideal
TE-polarized SW in Fig. 11 has

Eðr; tÞ ¼ n̂E0 sin ðkxxþ kyyþ φÞ exp ½iðkzz − ωLtÞ�

with n̂¼ðx̂þ ŷÞ= ffiffiffi
2

p
, kx ¼ k0 sinθcosϕ, ky ¼ k0 sin θ sinϕ,

kz ¼ k0 cos θ, and θ ¼ 60° and ϕ ¼ 45° (Table V).
Because the SW is predominantly π̂-polarized and the

laser detuning Δ in our Stark shift measurements satisfies

(a) (b)

FIG. 10. (a) Carrier and (b) BSB flopping with the same input
power of λ ¼ 729 nm light. We performed the RW Doppler
cooling sequence shown in Fig. 8 before the flopping. Error bars
in both plots indicate 1σ standard errors from projection noise.

TABLE V. (left) EIT cooling coefficients κ, for the RW
configuration: jn̂ · ðkp − kRWÞ=k0j and the SW configuration:
jn̂ · ðkSW1 − kSW2Þ=k0j. Motional mode unit vectors for each
mode are n̂ax ¼ ð1; 0; 0Þ, n̂R1 ¼ ð0;− 1ffiffi

2
p ; 1ffiffi

2
p Þ, n̂R2 ¼ ð0; 1ffiffi

2
p ; 1ffiffi

2
p Þ,

and k ¼ k0ðsin θ cosϕ; sin θ sinϕ; cos θÞ, according to the axes
defined in Fig. 2(c). (right) Propagation angles for the involved
EIT beams.

RW κ SW κ Pump RW SW1 SW2

Axial 1.425 0.612 θ 90° 60° 60° 60°
R1 0.511 0.433 ϕ 45° 124° −45° 135°
R2 0.196 0.433
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Γ ≪ Δ ≪ ωf;P1=2
with ωf;P the 4P levels’ fine structure

splitting, we approximate the ac Stark shift on jgi≡
j4S1=2; mj ¼ þ1=2i in terms of its coupling simply
to jei≡ j4P1=2; mj ¼ þ1=2i.
In a frame rotating with laser frequency ωL and after the

usual optical rotating wave approximation, the dipole

interaction strength is hejṼdipjgi ¼ Ωðr̃Þ
2

¼ qEðr̃Þ·deg
2

, with
dipole matrix element deg (in this section we label
operators with tildes). The resulting ac Stark shift on
j4S1=2; mj ¼ þ1=2i for large laser detuning jΔj is

δ≡
�jΩðr̃Þj2

4Δ

�
(F1)

with r̃ the ion’s position operator and the expectation value
h·i corresponding to expectation over the motional states of
the ion in the spatially varying profile.
To leading orders in the LD parameters of all motional

modes, from Eq. (F1) we find for the ac Stark shifts at the
node and antinode:

δn ¼
jΩ0j2
4Δ

ðk2xhx̃2i þ k2yhỹ2iÞ ¼
jΩ0j2
4Δ

μ

δan ¼
jΩ0j2
4Δ

ð1 − k2xhx̃2i − k2yhỹ2iÞ ¼
jΩ0j2
4Δ

ð1 − μÞ

where

μ≡ η2axð2n̄ax þ 1Þ þ
X
i¼1;2

η2Ri
ð2n̄Ri

þ 1Þ: (F2)

Given the motional modes’ orientations as discussed
previously, x̃ ¼ a0axðãax þ ã†axÞ and ỹ ¼ 1ffiffi

2
p ða0R1

ðãR1
þ

ã†R1
Þ − a0R2

ðãR2
þ ã†R2

ÞÞ are the corresponding position

operators of the ion. Here a0j ¼
ffiffiffiffiffiffiffiffi
ℏ

2mωj

q
for mode j of

frequency ωj; ηj is the corresponding Lamb Dicke

parameter κηo, and n̄j is the expectation phonon number
for j∈ fax; R1; R2g. Given the wavepacket extent’s influ-
ence on the ac Stark shifts, to maximize extinction ratio
γ ¼ δan=δn and thereby most accurately bound the optical
extinction via this ac Stark shift profiling, we apply a burst
of RW EIT cooling optimized to cool the axial mode. This
results in n̄ of 0.53(8), 6.0(8), and 3.6(4) for the axial, R1,
and R2 modes respectively. This corresponds to μ ¼ 0.047,
which would give an extinction ratio limited by motional
occupancies of γ0 ≈ 20.
The difference between γ and γ0 may be due to

positional fluctuations in the equilibrium trap position
resulting from electric field noise and drift [44], on
timescales shorter than those over which we average (of
order multiple seconds) to measure ac Stark shifts. These
fluctuations are expected to be dominant along the axial
direction, which has the lowest trap frequency. Such
fluctuations result in ac Stark shifts at the SW node and

antinode of δn ¼ jΩ0j2
4Δ ðμþ χÞ and δan ¼ jΩ0j2

4Δ ð1 − μ − χÞ,
where χ ≡ k2xhδ2xi, where hδ2xi is the classical mean squared
displacement of the equilibrium trap position. From the
known μ due to secular mode occupancy and our mea-
sured extinction γ, we estimate χ ≈ 0.037. Considering
the emission angle θ and SW’s angle with respect to the
axial direction ϕ, this suggests an axial rms variationffiffiffiffiffiffiffiffi
hδ2xi

p
¼ ffiffiffi

χ
p

=ðk0 sin θ cosϕÞ ¼ 19.8 nm. In simulations,
we model the effect of the resulting residual field sampled
by the ion at the node by including additional carrier
coupling with amplitude Ωres ¼ Ω0

ffiffiffi
χ

p
=2.

We roughly estimate the plausibility of E-field noise as
the origin of our observed extinction by extrapolating the
E-field noise magnitude measured at the secular motional
frequencies. The axial mode at ωax ¼ 1.18 MHz has a
heating rate ˙̄n ¼ 3.9ð3Þ × 103 s−1, and the relative heating
rate for the R1 mode (Fig. 14) supports roughly SðνÞ ∝ ν−2
scaling [75]. We thus suppose that the power spectral
density of the electric field noise can be written over an
appropriate frequency range as

SðνÞ ¼ 4mhωax

q2
ω2
ax

ν2
˙̄n: (F3)

We find an rms displacement from E-field noise

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR∞
ωlo

SðνÞdν
q

=ðmω2
axÞ of approximately 20 nm, consis-

tent with the ac Stark shift observations, if we extrapolate
over frequency to ωlo ∼ 1 kHz (each ac Stark shift is
measured averaged over timescales of multiple seconds).
Though we do not know the low-frequency scaling of SðνÞ,
this indicates the potential plausibility of E-field fluc-
tuation as the origin of the limited extinction, with an
effective cutoff of order ∼1 kHz roughly consistent with
some previous estimates [76]. Measurements of E-field
noise near ion traps at frequencies well below the secular
frequencies would be valuable to better understand this

FIG. 11. Geometric considerations relevant to mode orienta-
tions and oscillating magnetic fields induced by trap rf currents.
(a) Side view of the ion on top of the trap surface. The asym-
metric voltage sets, applied on the dc electrodes, rotate the R1

and R2 modes 45° clockwise. (b) Rf current charging and
discharging the rf electrodes flows along the trap axis x̂, resulting
in an oscillating magnetic field B1 along ŷ at ion’s position. To
describe quantization axis oscillations, we define a coordinate
system with x̂0 aligned with the static quantizing magnetic field
B0 generated by the permanent magnets.
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behavior, particularly important in contexts requiring
precise positioning of ions with respect to control fields.
We note that the above is an upper bound on possible

positional fluctuations, as it neglects other potential
contributors to imperfect extinction. Quasi-TM polariza-
tion components of the waveguide modes feeding the SW
couplers, and uneven power delivery from the two SW
coupler could also worsen the extinction ratio, but are
expected to be negligible in our experiment. After opti-
mizing for quasi-TE polarization, we consistently measure
the same extinction ratio, suggesting an insignificant TM
component. Through optical measurements utilizing a
camera focused on different ẑ positions, we also measure
the beam power emitted from the two SW couplers
separately on the same device used in the ion trap
experiment. The power emitted by the two SW couplers
was found to be less than 4% different, which would result
in < 0.1% fractional intensity at the SW nodes.

APPENDIX G: σ̂ + BEAM PURITY AND TRAP
RF-INDUCED B-FIELD OSCILLATIONS

A significant limitation to final phonon number is due to
polarization impurity of the σ̂þ beam due to magnetic field
oscillations associated with the rf currents flowing in
the trap [48]. As illustrated in Fig. 11(b), the resulting
oscillating magnetic field B1 points along a direction
different than that of our static quantizing field B0,
therefore resulting in a time-varying quantization axis.
To quantify the resulting impurity, we measure the ac

Stark shifts δm and δp on j4S1=2; mj ¼ −1=2i and
j4S1=2; mj ¼ þ1=2i, respectively, at the same σ̂þ beam
power. Given the B-field oscillations responsible for
polarization impurity in our setup as described below,
δp arises primarily from π̂ polarization components. Using
the same pump beam frequency as in EIT sequence, Δm ¼
120 MHz blue detuned from the j4S1=2; mj ¼ −1=2i ↔
j4P1=2; mj ¼ þ1=2i and Δp ¼ 95 MHz from j4S1=2;
mj ¼ þ1=2i ↔ j4P1=2; mj ¼ þ1=2i at B0 ¼ 8.9 G. In
Fig. 12(a), the δm on the level of MHz is measured using
the inverse ac Stark shift method in Fig. 8, where a 729 nm
π-pulse transports the population from j4S1=2; mj ¼ þ1=2i
to j3D5=2; mj ¼ þ1=2i before measuring the ac Stark shift
δ on the j4S1=2; mj ¼ −1=2i ↔ j3D5=2; mj ¼ þ1=2i tran-
sition. On the other hand, we use the Ramsey measurement
in Fig. 8 to measure and minimize δp to the level of tens of
kHz [15]. By optimizing the orientations of λ=2 and λ=4
waveplates in the σ̂þ beam path, we achieve δp=δm ¼
0.376ð3Þ% in Fig. 12(b). Accounting for the relative dipole
coupling matrix elements, we infer a σ̂þ beam impurity of

ϵimp ≡ Pπ̂=Pσ̂þ ¼ 2Δp=Δm · δp=δm ¼ 0.595%;

where Pπ̂ and Pσ̂þ are the beam power in π̂ and σ̂þ
respectively.
Current flowing through the surface of rf electrode

generates an oscillating magnetic field B1ðtÞ ¼
B1 sinðΩRFtÞŷ, in addition to the stable magnetic field
B0 from mounted permanent magnets 45° along the trap
axis. Assuming B0 ≫ B1, in a new coordinate system with
x̂0 aligned with B0 shown in Fig. 11, we have the total
magnetic field and the corresponding polarization vectors

BðtÞ ≈ B0ðcosaðtÞx̂0 þ sin aðtÞŷ0Þ
π̂ðtÞ ¼ cos aðtÞx̂0 þ sin aðtÞŷ0

σ̂�ðtÞ ¼
1ffiffiffi
2

p ð− sin aðtÞx̂0 þ cos aðtÞŷ0 � iẑ0Þ

with aðtÞ ¼ a sinðΩRFtÞ ¼ B1=ð
ffiffiffi
2

p
B0Þ sinðΩRFtÞ.

For a pure σ̂þ beam along B0 with E ¼ E0=
ffiffiffi
2

p ðŷ0 þ iẑ0Þ
and power P0, its projections on the polarization compo-
nents defined with respect to the direction of B are

E · π̂ðtÞ ¼ E0ffiffiffi
2

p sin aðtÞ ≈ E0ffiffiffi
2

p aðtÞ

E · σ̂�þðtÞ ¼
E0

2
ðcos aðtÞ þ 1Þ ≈ E0

�
1 − aðtÞ2

4

�

E · σ̂�−ðtÞ ¼
E0

2
ðcos aðtÞ − 1Þ ≈ −E0

aðtÞ2
4

:

(a) (b)

FIG. 12. σ̂þ-beam intensity and polarization purity diagnostics.
(a) Using the inverse ac Stark shift sequence with and without the
σ̂þ-polarized pump beam applied during the 729 nm pulse,
spectroscopy on j4S1=2; mj ¼ −1=2i ↔ j3D5=2; mj ¼ þ1=2i
measures the ac stark shift due to the pump δp; such measure-
ments are used to set the pump beam strength for RW and SW
EIT, with double the δ for our SW EIT configuration. (b) At the
same intensity that resulted in δp ¼ 2π × 6.75ð2Þ MHz in panel
(a), a Ramsey sequence on j4S1=2; mj ¼ þ1=2i ↔ j3D5=2; mj ¼
þ1=2i with and without σ̂þ during the Ramsey delay time,
indicates δm ¼ 25.4ð2Þ kHz. The second Ramsey pulse is 90°
phase-shifted, resulting in PS1=2 ¼ 0.5 with no frequency shift
during the delay time. Error bars in both plots indicate 1σ
standard errors from projection noise.
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With averaged power

Pπ̂ ∝ ðE · π̂ðtÞÞ2 ¼ P0

2
aðtÞ2 ¼ P0

a2

4

Pσ̂þ ∝ ðE · σ̂�þðtÞÞ2 ≈ P0

�
1 − aðtÞ2

2

�
¼ P0

�
1 − a2

4

�

Pσ̂− ∝ ðE · σ̂�−ðtÞÞ2 ¼ P0 ×Oða4Þ ≈ 0;

where the bars over quantities indicate a time average.
From these expressions we find that an oscillating field
amplitude of B1 ¼ 1.94 G would fully explain the ϵimp

observed above.
We estimate B1 due to the current IrfðtÞ ¼ I0 sinðΩrftÞ

flowing along the rf electrodes. Considering the
boundary condition of zero current at the electrode’s
end, I0 ¼ 1

2
ΩrfCtrapVrf at the trap center, where

Ωrf ¼ 2π × 48.4 MHz, Ctrap is measured to be 13.5 pF,
and the rf voltage amplitude is simulated to be Vrf ∼ 40 V
for 4.4 MHz radial modes, close to our operating con-
dition. Since the electrode dimensions and ion height
h ¼ 50 μm are much smaller than the wavelength asso-
ciated with Ωrf MHz, we calculate the quasistatic oscillat-
ing B-field amplitude as

B1 ¼
μ0I0
πwrf

�
tan−1

�
w0 þ wrf

h

�
− tan−1

�
w0

h

��
:

For our rf electrode width wrf ¼ 70 μm, and the distance
from the rf electrode’s inner edge to the center axis
w0 ¼ 27.5 μm, this yields B1 ¼ 2.7 G. As we measured
the trap capacitance after wirebonding it to the carrier PCB
with its associated parasitics, this analysis somewhat
overestimates the rf current and hence B1, but the approxi-
mate agreement with that inferred from the observed
polarization impurity indicates that these field oscillations
account for the majority of the polarization impurity
observed.

APPENDIX H: LIMITATIONS TO SW EIT
COOLING

We carry out fully quantum master equation simulations
using the same methods described in our previous work
[32], considering the relevant 8-level internal atomic
structure and quantized motion, and incorporate exper-
imental parameters and measured nonidealities to under-
stand limitations to the observed EIT cooling performance.
Figure 13 shows the EIT cooling rate Wc and final

steady-state phonon number n̄ss as a function of cooling
beam’s Rabi frequency Ωc using the experimental detun-
ings, pump beam amplitude, and motional frequencies. We
also include the effects of all key nonidealities, namely the
motional mode heating, pump beam polarization impurity,
and residual Ωc carrier coupling at the SW nodes.

With Δp ¼ 2π × 120 MHz, we take Δc ¼ Δp, Ωp ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔp þ 2ωR1

Þ2 − Δ2
p

q
for RW and Δc ¼ Δp þ ωR1

, Ωp ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ωR1

ðΔp þ 2ωR1
Þp
for SW. We extract the cooling rate

Wc ¼ − ˙̄n=n̄ from the time evolution of n̄ðtÞ, starting
from n̄ð0Þ ¼ 4. While simulated RW EIT saturates at
Wc ¼ 20 ms−1 in line with the experimental measured
21ð2Þ ms−1, SW EIT’s simulated Wc increases further
beyond the measured 57ð3Þ ms−1 with lower n̄ss as Ωc
increases. This suggests that SW EIT can be significantly
accelerated further by improving power delivery to the
trap, and if positional drifts associated with photo-charging
can be mitigated relative to those observed here (see
Appendix I). Matching the simulated cooling rates in this
figure with those we measured, we estimate Ωc ¼ 2π ×
21 MHz for RWandΩc ¼ 2π × 24 MHz for SW; these are
used to simulate the final phonon numbers achievable
considering the various nonidealities in our experiment.
Table VI shows the simulated final phonon number,

achievable at the ideal and different unideal situations:
heating rates, residual carrier excitation Ωres from posi-
tional fluctuations or imperfect optical extinction, and σ̂þ
beam impurity ϵimp. This impurity is the primary limitation
preventing cooling down to the 10−3 level and can be

(a) (b)

FIG. 13. Simulated EIT cooling comparison incorporating
known experimental limitations. (a) Cooling rate and (b) final
steady-state phonon number for both SWand RW EIT cooling of
R1 as a function of cooling beam Rabi frequency Ωc.

TABLE VI. Simulated final phonon numbers n̄RWss and n̄SWss for
RW and SW EIT cooling for the R1 mode. We present these
limits under ideal conditions with no technical noise or im-
perfection, and with contribution of individual nonidealities
(heating, residual carrier amplitude at the SW node Ωres, and
pump beam polarization impurity ϵimp), and in the presence of all
known nonidealities simultaneously. Simulations use experimen-
tal EIT parameters and estimated Ωc, and include effects of
higher-order sidebands in the interaction Hamiltonian.

Ideal Heating Ωres ϵimp All errors

n̄RWss 0.03 0.038 0.044 0.052
n̄SWss 6.8 × 10−5 2.8 × 10−3 1.6 × 10−3 0.021 0.025
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addressed with rf electrode structures that minimize the
oscillating magnetic field, or result in oscillating fields
only along the direction of the static B-field.
We note that operating at lower Δp can reduce optical

power required, as the pump beam intensity required
for an ideal 3-level system is proportional to Ω2

p ¼
8ωmðΔp þ 2ωmÞ for motional frequency ωm, while the
theoretical cooling rate and limit remain unaffected [31].
To compare directly with the results in Ref. [32], we
simulate SW EIT cooling at Δp ¼ 2Γ and B ¼ 10 G,
in the ideal case for the 8-level 40Caþ system, targeting
ν ¼ 2π × 3 MHz. With the resulting Ωp ¼ 2π ×
34.2 MHz and SW Ωc ¼ 2π × 42 MHz, the total power

∝ Ω2
p þ Ω2

c
2
is comparable to that used in recent work on

polarization gradient cooling (PGC) in an integrated
platform [27]. Starting from n̄ ¼ 4, SW EIT cooling
for these parameters reaches n̄ss ≈ 0.015 within about
20 μs. The higher n̄ss compared to that achieved for
Δp ¼ 5Γ [32] is due to greater deviation from the ideal
3-level system owing to larger off-resonant coupling to
j4P1=2; mj ¼ −1=2i. However, the simulated n̄ss and
cooling time still suggest that SW EIT’s advantage over
PGC in terms of cooling limit holds at lower total powers
comparable to those used for PGC.
Table VI presents the expected n̄ss limits under our

experimental parameters, both in the absence and presence
of the known nonidealities. We note that the “ideal” limit
predicted here is in fact limited by the Ωc used in the
experiment to achieve high cooling rates, which is only
roughly 2× lower than Ωp and thus perturbs the ideal EIT
lineshape. The fundamental limit on phonon number of
this scheme is achieved under the low intensity limit; near
Ωc ¼ 2π × 5 MHz and in the absence of technical noise,
we simulate that SW EIT results in a steady-state phonon
number of n̄ss ¼ 1 × 10−5 for our experimental motional
frequency and quantizing field B0 ¼ 8.9 G. This result is
insensitive to the quantizing B-field strength as well as
whether higher-order interaction terms are included in the
simulation, and is in fact limited by sideband couplings in
the RW pump beam used our experiments [32].
While our model in the presence of known nonidealities

explains the order of magnitude of n̄ss observed exper-
imentally, it still predicts n̄ss approximately 2× lower. We
expect that this additional factor of two discrepancy may
be due to additional intensity-dependent positional devia-
tions during EIT cooling sequences as compared to the ac
stark shift measurements used to estimate these displace-
ments, as well as uncertainties in our polarization impurity
measurement. We have additionally considered the effect
of relative phase fluctuations between the pump and
cooling beams; modeled as Markovian noise, we find that
relative linewidths of order 1 MHz would be required to
explain this factor of two in final n̄ss. This is far in excess
of expected levels from acoustic noise and vibrations on

the differential fiber paths these beams take prior to the
device, but effect of phase fluctuations between the two
driving tones may be relevant in experiments reaching
significantly lower phonon numbers. Future experiments
with suppressed quantization axis oscillations due to trap
rf, as well as reduced technical noise, will ultimately be
required to validate the significantly lower limits predicted
by our model.
We note that when implemented at practical cooling

rates (and therefore effective excited state linewidth), even
resolved sideband cooling is limited by off-resonant carrier
and blue-sideband excitation [30] that are entirely nulled in
the SW EIT scheme. Our model thus indicates that if our
present technical limitations can be addressed, SW EIT
may enable even lower occupancies than achievable with
resolved sideband cooling.

APPENDIX I: MOTIONAL HEATING;
LIGHT-INDUCED DRIFT

We measure heating rates of secular motional modes of
the trapped ion to infer electric field noise at the corre-
sponding frequencies. Figure 14(a) shows measured exci-
tations n̄ in both the axial and R1 modes as a function of
wait time after ground-state cooling, indicating heating
rates of 3.9(3) and 0.18ð1Þ ms−1 respectively. The axial
heating rate is consistent with that observed in the previous
generation of fabrication [18].
We also characterized slow drifts in ion positioning due

to laser-induced charging [77]. We quantify charging by
measuring the ion’s position drifts relative to the SW, using
the ac Stark shift sequence. The ion’s position shift is

(a) (b)

FIG. 14. Electric field noise and drift characterization.
(a) Phonon numbers of the axial and R1 mode as a function
of additional delay time after RW EIT cooling of the target mode.
We measure the heating rate ˙̄n of axial and R1 mode to be
3.9(3) and 0.18ð1Þ ms−1. (b) Trap position drift along x due to
integrated-laser-induced charging. Laser wavelength and input
power before the feed-through are labeled in the plot. The drift at
each time is inferred from the x-compensation field required to
position the ion at a SW node. The three scans were taken on
different days spanning over a week; in the multiple hours
between scans during with the SW light was off, the trap position
relaxed to the same initial value as shown. Error bars in both
plots indicate 1σ uncertainty.
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inferred from the change in applied dc field along x
required to position the ion at the SW node. As shown
in Fig. 14(b), the integrated 397 and 729 nm beams shift
the ion in different direction along x̂, possibly due to
couplers’ placement. The extent of drift in response to
397 nm light shows a modest power-dependence, while the
comparable response to the 729 nm light for drastically
higher powers suggests much stronger response to the UV
photons. In both cases, upon starting the experimental
sequences the ion experiences a rapid drift of 10 s of nm
that evolves into a slower constant drift. Between scans
and over multiple hours, the trap position relaxed to nearly
the same initial value, giving the same x compensation at
the target SW node at the beginning of each scan in Fig. 14,
suggesting a reversible and reproducible laser-induced
charging process. The observed drifts are comparable to
those reported against a phase-stable polarization gradient
in Ref. [28]. In our experiments, data were taken generally
in the limit where pulse sequences had been running for
multiple minutes, such that ion positioning was stable to
within ∼10 nm. For profiling and cooling experiments, we
operated with up to 400 μW incident in fiber before the
feedthrough supplying the λ ¼ 397 nm SW path.
The slow trap location drifts particularly in response to

UV light in the waveguide channel may suggest imperfect
shielding by the ITO layer. The present 20-nm-thick
ITO films exhibited sheet resistances of approximately
400 Ω=square at room temperature, significantly higher
than those of optimized films at this thickness. Influence of
ITO film quality or surface preparation on the observed
drifts would be an interesting and important subject for
future study, as well as the relative performance of ITO vs
other transparent conductors in this regard [78].
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